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MEASUREMENTS IN A SUPERSONIC STREAM -

By Robert E. Blue and George M. Low

SUMMARY

The observed dilscrepancy at supersonlc apeeds between theoretical
and apparent experimental average flat plate friction-drag coefficilents
calculated from boundary layer tqtal-pressure surveys was Investigated.
Effects of the total-pressure probe, heat transfer through the leading-
edge reglon, change in leading-edge radlus and strength of the leading-
edge wave, possible early transiltion to turbulent flow or "bursts of
turbulence, " and the slight streamwise pressure gradient inherent in
flat plate flow were investigated for plates wlth very sharp leading
edges. ‘

Only one of these factors, the effect of the total-pressure probe,
was found to be significant. Total-pressure probes of different tip
helghts, when placed in laminar boundary layers developing under
ldentical conditlons, were found to yield different values of frictlon-
drag coefficient. Extrapolation of these measurements indicates that
a probe of vanlshing size would yield the theoretlcally predicted
values of average flat plate friction-drag coefficients. A correlation
describing the relation between the friction-drag discrepancy and the
probe tlp height is presented.

-~

INTRODUCTION

Most avallable experimental values of average frictlom-drag
coofficlent for laminar flat plate flow have been obtained by total-
pressure surveys of the boundary layer. Results reported in refer-
ences 1 to 3 -consistently Indicate drag coefficients that are in the
range of 10 to 100 percent higher than the values predicted by com-
presslble lamlnar boundary layer theory. Other measurements made along
the wall of a supersonic tunnel behind a boundary layer .removal scoop
(ref. 4) gave values that were even higher than those found in the
investigations of referemnces 1 to 3 at camparable conditions of Reynolds
number.
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2 NACA TN 2891

The wide range of varlability of the experimental results tends to
rule out the possibility of attribubting the discrepancy between theory
and experiment to a deficiency in the theory alome. Furthermore, local
friction coefficients determined from force measursments on & small
element set In a plate surface show excellent agreement with boundary
layer theory (ref. 5). The theory considers boundary layer growth
on an infinitely thin flat plate starting at zero thickness at the
leading edge and developing into a flow wlth zero pressure gradlent.
Experimentally, this situation can only be approximated. The precision
to which any part or all of the physical situation hypothesized In the
theory ls reproduced may influence the slze of the measured discrepancy.

An analysls of local friction coefficient based on the measured
boundary layer Mach number distribution led the authors of reference 3
to conclude that the boundary layer alr suffers a momentum loss near
the plate leading edge. A consideratlon of the pressure distribution
over the leading-edge region, based on the blunt-body theory of
roference 6, shows that such a loss should occur and that it willl be
directly proportional to the radius of the edge. The discrepanciles
in average friction coefficlent reported in reference 3 are at most

3— times larger than those shown in reference 1. The leading-~edge

radii however, differed by a factor of 10. Consequently, factors
other than the leading-edge pressure drag must be Involved in the
observed discrepancy.

The measured momentum discrepancy could be attributed to any of
a number of causes, for example, heat transfer through the thin
leading-edge region of the plate, momentary transition to turbulence,
that is, "bursts of turbulence" (ref. 7), or an instrument error in the
form of a probe interference effect or a misinterpretation of the pres-
sure reading. Tt is the purpose of this report to present the findings
of an investigation of these and other effects which might account for
the difference between theory and experiment.

This Investigation consigtéd principally of an experimental study
of the boundary layer on a flat plate and an evaluation of the
measuring technique. Total-pressure surveys of the boundary layer
wore made at Mach numbers of 2 and 3 over a range of Reynolds number
at several distances from the plate leading edge. Several leading-
edge radil were used on the flat plates and a systematic variation
of total-pressure probe tip helght was made. These measurements were
made in two different test facllities at the NACA Lewls laboratory.
The authors are indebted to Mr. Jolm W. Schwartzenberg for making
many of the experimental measurements.
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APPARATUS AWND PROCEDURE

The boundary layer measurements were gade on flat-plate models in
two supersonic wind tunnels. Tunnel 1 had a test section of
3.84 by 10 inches and a nominal free-stream Mach number of 2. The
test section of tunnel 2 measured 4 by 4 inches, and its nominal
free-stream Mach number was 3. Alr to both tunnels was supplled at
a maximim stagnation pressure of 50 Inches of mercury absolubte. The
supply air temperature (ahead of heaters) was -20° F for tunnel 1 and
-70° F for tunnel 2, thus insuring & dew point sufficiently low to
obtain condensatlon-free flow. The tunnels exhausted to a pressure of
about 3 Inches of mercury absolute.

All total pressures 1n the boundary layer were measured on a
mercury well-type manometer. Statlic pressures were measured on butyl
phthalate manometers with high vacuum reference pressures. Temperature
measurements were indicated on a self-balancing potentiocmeter.

The test plate used in tunnel 1 was 6 inches long, 3.84 inches
wide, and 0.25 inch thick. The plate used in tunnel 2 measured
8 by 4 by 0.25 inch. The top (test) surfaces of both plates were flat
and the surface roughness dld not exceed a value of 8 mlicroinches rms.
Rubber seals were provided between the plates and the tunnel side walls
to prevent flow between the top and bottom surfaces.

The plate used in tunnel 1 had a leadlng-edge radlius of curvature
of less than 0.0005 inch, as determined on & comparator from a section
of a molding plaster cast of the leading-edge region (a 50X magnifica-
tion of the leading-edge region showed that the nbse of the plate was
nearly semicircular, so that definition of leadlng-edge radius was
justified). The bottom surface of the plate was chamfered to an angle
of 12° in the leading- and trailing-edge regions.

In order to determine the pressure gradient and the temperature
along the plate, 15 statlic-pressure taps and 6 thermocouples were
located in the plate surface, as shown in figure 1. The plate was
supported by plvots and & sting in order to permit changes In angle
of attack.

The radius of curvature of the leadlng edge of the plate used in
tunnel 2 was less than 0.0005 inch for several tests, but a larger
radius of curvature, of the order of 0.001 to 0.00Z2 inch, was used iIn
most of the tests. The bottom surface was chamfered to an angle of
10.6°, Static-pressure taps were installed in the plate surface
2.38 and 3.38 inches from the plate leading edge and 0.25 inch from
the plate center line.
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Detalls of the total-pressure probes used to survey the boundary ~
layer are shown in figure 2. A range of probe tip heights from
0.003 to 0.016 inch is represented. Distance from the plate surface
to the bottom of the probe tip was measured with a micrometer and ias
congidered accurate to 0.0005 inch. Comntact of the probe with the
plate surface was indicated electrically (see ref. 1).

Only probe 3 (see table, fig. 2) was used in tunnel 1. Total- !

pressure surveys of the boundary layer were made with the probe tip ?1
located %4 l%, and 2%41nches from the plate leading edge with the plate @

at zero angle of attack, and with the probe tip located 2% inches from
the leading edge at an angle of attack of -5°, For each probe locatlon,
the inlet stagnation pressure was varied from about 15 to 40 inches of
mercury absolute. The. Inlet air was heated to a stagnation temperature
ranging between 80° and 90° F.

Probes 1, 2, 4, and 5 were used iIn tunnel 2, and boundary layer
surveys were made with the probe tip located 2% and 3% Inches from the

plate leading edge. The Inlet stagnation pressure was varied from
20 to 40 inches of mercury absolute, while the inlet temperature wes
held at 102° F.

Plate statlc pressures and surface temperatures were recorded
before and after each boundary layer survey. All surveys were started
at the plate surface.

1

DATA REDUCTION

Calculation of momentum loss in the boundary layer requires the
evalustion of mass flow pu &and momeptum pPu2 of the boundary layer
alr. In order to reduce the calculation steps required to obtain
these quantities from the experimentally determined values of static
and pitgt pressure, the following dimenslonless parameters were used
(ref. 8):

o= —2 veloclty parameter
~/RT
g =% RT mass-flow parameter
D

where T is the total temperature. (All symbols used in this report
are defined in appendix A.) The mass-flow parameter was introduced in
reclprocal form as a static-pressure paramster.in reference 8. These
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parameters can-be shown to be uniquely determined by the ratio of statlc
to pltot pressure p/H. The calculations of a, B, and aof = puz/p from
p/H were made by IBM machines in the manner described in appendix B.
Typical laminar boundary layer profiles of the velocity, mass-flow, and
momentum parameters are shown In figures 3 to 5 for several Reynolds

- numbers. These data represent all the boundary layer surveys mede with

probe 4. Duplicate surveys under identical conditions are distinguished
by open and solid points. There was & slight lack of reproduclbility,
as 1s apparent in these figures, for all the boundary layer surveys made.

The momentum thickness 6 expressed In terms of the parameters o
and B 1s .
. 5 -
Pp\PL ¥T b

Tith the conventional assumption that static pressure is constant through
the boundary layer, the ratilo p/pl i1s 1. The distribution of total

temperature is also required to evaluate the equatlion for 6. Because

no temperature surveys were made, the simplifying assumptlon of a constant
total temperature was used In all calculations. The effect of thils
agsumptlon on the calculatien of 6 1s discussed In the section
Calculation Errors. ’

The total-pressure readings, assumed to exist at the geometric
center of the tube, were taken at equally spaced distances from the plate
surface. It was therefore possible to integrate the equatlion for 6
numerically with the o and B calculated from the original data.
Values for the integrals of $ and af were obtained for every other
point of the original data using Stirling's rule.

A "running value” of momentum thickness 6y was defined by replacing

the free-stream quantities subscripted 1 in equation (1) with values
measured at the ordinate y, denoted by a subscript y in equation (2),
and carrying the Integration out- to the limit .

By Jo %y Jo

The ratios of pressure and temperature were eliminated in equatlon (2).
by the assumptions of constant static pressure and total temperature
through the boundary layer.

The method Jjust described of calculating a profile of Gy rather
than predetermining the free-stream velocity and temperature or Mach
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;number ag was done in references 1 to 3 shows the dependence of 6 dn -
the choice of free-stream conditions. The profiles of 6y shown
in figure 6 attain a peak value before reaching the edge of the boundary .

layer and then decrease, approaching a constant In the stream far from
the plate surface. Values of 6 wused to calculate friction-drag
coefficients were chosen at the polnt where the velocity gradient first
became zero. Average flat plate friction coefficients were calculated
from the Kérmén momentum equation

o% 2
5~ 1T % an ap T,
0 1 1 1 w (5)

4 — = = C
wy dx T ax u, £

9S.L2

2 38 | 29
ax

Integration of cp over a length of boundary layer run X yields the

average friction-drag coefficient. For the case of a zero pressure
gradient the momentum equetion (3) may be readlly integrated, ylelding
Cp = 20/x for the average friction-drag coefficient.

Experimental Errors

Static pressure. - Pressures measured with a differential manometer
board using butyl phthalate as a working fluld can be read to an equiv-
alent accuracy of better than 10.005 inch of mercury. For the range of
static pressures in the test sectlons of the wind tunnels used for these
measurements, thls accuracy corresponded to a determination of the static
pressure within +0.8 percent or less.

A calculation was made of the effect of an error In static pressure
at a Mach number of 3 on the quantity %g w/ﬁex using the theory of

reference 9. " Assumed values of Reynolds numbef, Ty, p, and x which

were comparable with those of the experimental investigation were used

to calculate a theoretical Mach number distribution through the boundary
layer. A profile of p/H was then found from the Raylelgh equatlon and
the Mach number distribution. Multiplication of the p/H curve by a

new value of static pressure divided by the original assumed value gave

a new distribution of p/H against y which was used to calculate a

new value of 6 in the manner described for a measured profile, A
Reynolds number corresponding to the errcneous static pressurs was also
caleulated. The results of this error calculation are presented in ¢
figure 7.

A simllar error calculatlon wes made using experimentally determined
distributions of p/H rather than the theoretical profile of reference 4.
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Curves showing the error in %? -+/Regy caused by an error in static
pressure using measured profiles for two different probe sizes are also
plotted in figure 7. The shape of the boundary layer profile apparently
hag a large effect on the error. The smallest probe used (probe l),
which measured a proflle closest to that of the theory, shows the same

trend of an error in %? ~/Rey with static-pressure error as does the

error calculation made from the theorstical profile. The largest
probe (probe 5), however, shows a reverse trend. By elther of these
calculations a reading error of 1 percent in static pressure will cause

20
an error in X 1/39x of 1 percent or less.

Total-pressure recording. - The maximum.possible error in the
pressure measured by the pitot tube would be 10.02 inch of mercury.
This error would be randomly scattered through the readings taken
during a boundary-layer survey. No attempt was made to calculate the
error In 6 due to such a random scatter. Tt was noted, however, that
an error In the barcmeter reading, from which the total-pressure reeding
was subtracted, could be as large as 1/10 inch of mercury and sti1ll affect
6 Dby less than 1/2 percent. In the absence of a method for specifically
evaluating the effect of a random reading error, this result was assumed
to Indicate that an error in reading either the barometer or the total
pressure could be neglected. ’

Turbulence level. - As shown in figure 1 of reference 10, tunnel 1
has a set of turbulence screens in the surge tank where the velocity is
of the order of 8 feet per second. These screens are followed by a
smooth contraction of 19 to 1 to the tunnel throat. The inlet to
tunnel 2 consists of a l-foot-diameter pipe commecting a 2-foot-diameter
surge tank to a bellmouth. A contraction of 27 to 1 to the tunnel throat
follows. A dirt filter made from 16 thicknesses of cheesecloth was
Placed across the connecting pipe at a point where the air velocity was.
gbout 70 feet per second.

A conclusion cannot be made regarding the levels of turbulence in
the two tunnels from the measurements taken. The extreme difference
in design, however, can be assumed to have caused substantially
different levels. The agreement of the results obtained in these
tunnels thus implies that turbulence level has no noticesble effect
on 6, at least vwhere the level of turbulence is reasonsbly low.

Total-pressure probe. - The possibility exists that a small total-
Pressure probe of the type used for boundary layer surveys consistently
reads a value of total pressure that is in error, even out in the free
stream. In order to determine whether such an error exists, a
conventional blunt nose total-pressure probe, 1/8 inch in diameter, was
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positioned with its center line 1/2 inch above the plate surface. The
readings of this probe in comparison with the readings of the various
boundary layer probes when they were located at the same position in
the flow are shown in figure 8 for the five Inlet pressures used in the
number 2 tunnel measurements. The solid lines in the figure represent
the readings of the l/8-inch-diameter Pprobe.

The boundary layer probe readings tend to scatter about a mean
value slightly lower than that read by the large probe. The largest
difference in total pressure measured by the two types of probe was
2 percent. This corresponds to approximately an 0.8 percent error in
Mach number, «, 8, or 6. .

Yaw of total-pressure probe. - Each time & total-pressure probe
is instelled in the wind tunnel, 1t 1s necessary to realine the probe
with the stream direction. This alinement was made both visuelly and
by ad Justing for the maximmm total-pressure reading. Since thls type
of boundary layer total-pressure probe is relatively insensitive to
angles of yaw in the free stream, it was difficult to be certain thg
probe was pointed precisely into the stream. Because the possibllity
that an angle of yaw might cause & more serious error when the probe
is immersed in the veloclity gradient of the boundary layer was
recognized, a total-pressure survey was made for which the probe was
deliberately misalined 3°, A running plot of momentum thickness
againgt y for survey at 3° yaw is compared with the profile taken
wlth the probe alined with the stream in figure 9. The two curves
agree within less than the experimental reproduclibliity found for most
of the boundary-layer surveys (see solid and open points of fig. 6).
The actual error in alining the total-pressure probe was less than
the 3° used in this ‘error measurement for the effect of yav.

Calculation Errors

Total-temperature assumption. - As previously stated it 1s necessary
to assume some form of a total-temperature distribution through the
boundary layer In order to calculate 6. All the calculations for this
report assumed a constant total temperature. In order to evaluate the
effect of this assumption on 6 +the theoretical Mach number distributions
In the boundary layer as calculated from reference 9 were used to obtain
the values of o and B necessary to integrate equation (2). The
difference between calculated 6 for a constant total temperature and
theoretical 6 1s plotted in figure 10 in terms of the percentage error
in 6 against Mach number. A similar calculation was made with the
agssumption of a linear variation of total temperature between the
theoretically predicted wall temperature and the free-stream total tem-
perature. Irrors due to this form of an assumed temperature distribution
are also shown in figure 10. It is apparent in this case that the

9SL2
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gimplest temperature assumption glives the best results. At a Maech
number of 2 the error 1s nearly zero and it 1s still under 1 percent
at a Mach number of 3.

Calculations near surface. - The typical boundary layer profiles
of figures 3 and 4, showing the quantities P and of plotied
against ¥y, show that the first few points measured near the plate
surface do not fall on a smooth curve approaching the origin. (This
has been tentatively attributed to interference between the probe and
the plate surface.) Under the assumption that the velocity must go
to zero at the plate surface, falrings neglecting these few apparently
erroneocus points were made. From these 1t was determined that either
the fourth or the sixth points would lle on a straight 1ine through
the origin that falrs Into the B curve and on a parabola through
the origin that falrs into the off curve. As explained in appendix B,
this stralght line and parabolic variation of B and af was used In
the Integration of these quantities out to the fourth or sixth polnts.
Beyond these points, Stirling's rule was used to integrate between the
measured data points. This method of falring is compatlble with the
theoretically predicted change In velocity and density near the plate
surface. Since the veloclty near the surface changes linsarly while the
denslty 1s nearly constant for the condition of zero heat transfer, the
product pu will vary almost linearly. The py2 term, being the product
of two linearly varylng quantitles, behaves as a parabola, Several
calculatlons of 6 starting at both the fourth and sixth points of a
profile were made to ses what dlfference the choice of starting point
would have on 6. It was found to affect the calculated value of ©
by about 0.5 percent.

Probe zero location. - An error In setting the zero location of
the probe will cause an error In the Integrais of B and af as a
result of the method of computation used for the first few points. This
can be seen from the followlng sketch of B against y. The polnts
vhich are eliminated from the. calculatian of 6 by the fairing method
are numbered 1, 2, and 3.
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If the zero setting is off by an amount Ay, the additional cross-hatched
area bounded by the straight line to the origin and by the broken line,
which 1s the original curve displaced by the error Ay, will be added to
the integral of B. It 1s equal to By ézl. Similaerly, for of +the

integral will be in error by ayf, _A%')_r_’ so that the error in 6 will be

By By
(3? - "T?‘) Ay. The theoretical variation of B and aff computed from
reference 9 for an average Reynolds number and Mach number of these
experiments was used to calculate the percentage error In 6 due to an
error In y at zero for falrings starting at several dlstances from the
wall. The results are plotted In figure 11, The error In locating the
probe zero positlon for the present measurements was less than

+0.0005 inch, which amounts to an error of 1l or 2 percent in 6 for the

range of starting polnts In y +that was used.

The following table summarizes the maximum values of all possible
errors in 6:

9sLz
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Cause of error Error
(percent)

Static pressure +1.0
Total-pressure probe -0.8
Total-temperature assumption -0.7
Probe zero location +1.6
+1.1

Total error In 6 -4.1

It was necessary to take the error in %? “/ﬁex cauged by an error in

static pressure to be the same as the error In 6 for this estimate.
The reproducibility seen in figure 6 is within the range of this max-
Imum total error.

RESULTS AND DISCUSSION

Average flat-plate friction-drag coefficlents Ze/x were computed
for all measured total-pressure profiles and are plotted against local
gtream Reynolds number Rex on logarithmic coordinates in figure 12.

A theoretical variation of 26/x against Rey obtained from reference 9

is also shown in figure 12 and applies for both M =2 and M; =3

under the inlet temperature conditions of these tests. The measured
values of Ze/x are from 5 to 65 percent higher than those predicted by
theory. These high values of friction-drag coefficient might be
attributed to transition to turbulent flow, to the slight longitudinal
pressure gradient Inherent to flow over a flat plate, to a momentum loss
orlginating at the leading edge of the plate, to heat transfer through
the leading-edge reglon, or to an effect of the total-pressure probe.

Transition from laminar to turbulent flow. - In order to determine
the extent of the laminar boundary layer, the inlet stagnation pressure
was varied while the total-pressure probe was held in a fixed position
in the boundary layer. As long a&s the boundary layer is laminar, points
on & plot of of against the simillarity parameter y#u17le should fall

near a universal curve regardless of the value of 7. Any large deviation
from this curve, which occurs at different values of of depending on

the distance y from the plate surface, indicates transition from laminar
to turbulent flow. Typical transition curves obtained in tunnel 2 at

X = 3% Inches are shown In figure 13 together with a conventlional aff

profile. Transitlion occurs at Rexﬂvlde. All results presented in this

report were obtalned at Reynolds numbers less than the transition
Reynolds number as indicated by curves similar to figure 13.
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The possibility that "bursts of turbulence" (ref. 7) are respon-
gsible for the momentum discrepancy while the mean value of the pro-
flles did not exhibit transitional tendencies was also investigated.
A low-range pressure transducer was connected to the total-pressure
probe with the shortest posslble length of tubing. The output of the
transducer wae fed through a preamplifier to an oscllloscope. The
gystem could respond to pressure fluctuatlons as fast asg 130 cycles
per second. No pressure fluctuations, however, were detected at any
point in that portion of the boundary layer where profiles were
obtained. It therefore appears unlikely that momentary transition to
turbulent flow existed In the Reynolds number range of these experiments.

Effect of pressure gradlient. - Pressure distributions obtalned on
the flat plate in tunnel 1 are presented in figure 14. The initilal
expansion and following compression near the leading edge are character-
istic of the flat plate flow and are notsdue to & tunnel disturbance.
This fact was established by moving the plate upstream and downstream
from the test position. The compression near the trailing edge,
however, is caused by a tunnel disturbance, but 1t occurs 2 Inches
downstream of the last test statlion.

. Although the actual pressure changes are minor, they occur over a
short distance =x, so that the pressure gradlents are quite large.
According to theory, a pressure gradient affects not only the momentum
thickness but also the drag coefficient, which in the presence of &
pressure gradient 1s not equal to Ze/i, as can be seen from the Kdrmén
momentum equation (ea. (3)).

Values of momentum thlickness and drag coefficlent for the pressure
distributions presented in figure 14 were calculated by the method of
reference 11 and compared with a zero pressure gradient solution.
Results of this comparlson showed that the effect of the pressure
gradient on the momentum thickness was slight (1.6 percent), and that
the error introduced by letting the drag coefficilent equal ZG/i was
also very small (2.4 percent). {

Effect of leading edge. - If the discrepancy between theoretical
friction~drag coefficlents and measured drag coefficients is assumed
to be due to an Initial momentum defect which has been falsely attri-
buted to friction, then a change in leading-edge geometry or a change
in the strength of the leading-edge wave would be expected to change
the magnitude of this discrepancy. The following tests were made to
check this assumption:

The effect of the strength of the 1ead1ng;edge wave was Investigated
in tunnel 1 by changing the angle of attack of the plate and thereby
changing the strength of the shock wave. Because of tunnel choking

_98L2
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characteristics, the plate angle could be varied only between 0° and -5°.
(A negative angle of attack yields & compression at the leading edge.)

A comparison of velocity profiles at angles of attack of 0° apd -5°
shows that the profiles were unaffected by this change In angle of attack
(fig. 15!. The absclssa In figure 15 is the simllarity parameter

T Nuy/vix. Free-stream conditlons for this comparison were selected behind

the leading-edge shock wave. Drag coefficlents, which are plotted in
figure 12 also show no change wlth angle of attack.

It could be argued, however, that a detached wave stands ahead of
the leading edge, and that the momentum defect caused by the pressure
drag of the leading edge 1s responsible for the high measured drag
coefficlents. On this basis it is not surprising that the drag
coefficients show no appreclable change wilth angle of attack, and it
would be expected that the leading-edge geometry is of prime importance.

The plate 1In tunnel 2 was therefore tested with.an exceedingly
sharp leading edge (r < 0.0005) and with a scmewhat duller leading edge
(0.001 < r < 0.002). Velocity profiles obtained with both leading-edge
configurations are presented in figure 16, and corresponding plots of
Gy agalnst y are shown in figure 17. It 1s apparent that the

difference between profiles obtalned with the dull and sharp leading edges
1s of the same order of magnitude as the difference between repeat runs
with the same leading edge (see flgs. 3 and 6), and can therefore be
attributed to lack of reproducibility of experimental data. It can be
concluded that Increasling the leading-edge radlus from about 0.0005 to
about 0.0015 inch has 1little or no effect on the measured drag coefficlent.

It is thus reascnable to assume that the dlscrepancies between
theoretical and measured drag coefficients found in thls Investigation
are not caused by & momentum defect originating in the lmmediate
vicinity of the leading edge.

Effect of heat transfer. - The measured flat-plate drag coefficients
have been compared with theoretical drag coefflclents for an Insulated
flat plate. This comparison is not strictly valid because there will be
locel heat transfer through the leading edge from the chamfersd side of
the plate to the top of the plate. An estimate based on the theory of
reference 9 shows, however, that the effect of this heat transfer on skin
friction is about 0.2 percent and hence may be neglected. The tempera-
ture along the surface of the plate in tunnel 1 varied by less than
30 F. Temperature recovery factors based on this surface temperature had

a value of 0.88, which is In good agreement with previous experiments on
insulated plates. ’
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Effect of probe tip helght. - The effect of the total-pressure probe
on measured friction-drag coefficlents was investlgated by surveying the
boundary layer under identlical conditions with four probes which had
outside prohe tip heights h ranging from 0.003 to 0.016 inch. It was
found most convenlent to correlate results of these measurements on the
basis of the difference between measured and theoretlcal friction-drag
coefficients.

This difference 2(6 - 6p)/x was Fflrst plotted against wuy/vq,
which is & function of only the tunnel inlet conditions, and for given
values of x and h, 2(6 - GT)/x was found to be independent of

ul/§1. Typical curves of 2(6 - BT)/x against u1j$l are shown In
figure 18. There 1is, of course, a large amount of scatter, but it

should be remembered that an error of about 2 percent in 6 wlll cause
an error of up to 30 percent in 2(6 - ST)/i, depending on the magnitude

of 2(6 - 6p)/x. It is evident, however, that there is no definite

trend or variation of points in figure 18, and that, in the range of
Reynolds number investigated, 2(6 - eT)/x can be considered constant

as long as h and x remain constant. The srithmetic mean of all
points taken with & given probe at a given station was therefore found,
and henceforth only this mean value of 2(8 - 6p)/x will be used.

A plot of the average friction-drag discrepancy 2(6 - ar)ﬁx

against probe tip height h 1is presented in figure 19. A straight line
1ls faired through each set of points representing a constant distance x
from the leading edge. The expression

2(6 - op)

— 0.64 (4)

=K(x) h

ropresents all points reasonably well. Because h 1s the only variable
between points at a given station, equation (4) establishes that the
greater part, or perhapes all, of the discrepancy between measured and
theoretlical friction-drag coefficients is caused by the finite height of
the total-pressure probe tip. It is evident, however, that this probe
effect depends also on the distance from the leading edge.

In order to determine quantitatively this dependency on x,
measurements were made in tunnel 1 at three values of x with a constant
probe tip height. A logarithmic plot of the average friction-drag dis-
crepancy factor ageinst distance from the leading edge is showmn in
figure 20. Points are well represented by & straight line of the form

2O - vz

(5)

98L2
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According to equation (4), this may be generalized to other probe heights
by allowing k +to be a function of h.

It 1s interesting to note that the exponent of l/x in equation (5)
1s nearly twice the exponent of h 1n equation (4). This fact
Immediately suggests a correlation on the basis of h/xz. It was found
that the coefficlents of h in equation (4) and of x in equation (5)
are compatible, so that for corresponding velues of h and x +the
values camputed from both equations will agree.

Both sets of data were therefore combined and the friction-drag
discrepancy factor 2(6 - GT)/x was plotted on logarithmic coordinates

against h/xz. The straight line

- 1 | (6)
X

2(6 - on) _ o 02 ( h)o.s4

was faired through all data points (fig. 21).

The polnts plotted in figure 21 represent a range in Reynolds number
from 10° to 106, a range of x fram 1/2 to 3% inches, and a range in

probe tip height from 0.003 to 0.016 inch, and were obtained at Mach
numbers of 2 and 3. Each point in this figure corresponds to the
arithmetic mean of from 5 to 10 measured profiles, so that more than

60 Individual boundary layer surveys are represented. Therefore no
doubt remains that the friction-drag discrepancy factor as given by
equation (6) 1s valid for flat plate friction-drag coefficients obtained
under the aforementicned conditions.

It should be pointed out, however, that the final correlation was
baged on the parameter (h/x2)0:6% and that the coeffioient of

(h/xz)o‘64 in equation (6) is therefore not dimensionless. A correla-
tion based on hd/xz, where d 1s the wldth of the probe opening, would
be dimensionally correct and compatible with equation (6) because d
was not varied appreciably in the present tests. If the probe effect

is agsumed to be primarily one of interference, then the skin-friction
discrepancy factor would be expected to approach zero as 4 approached
zero. But 1t 1s unlikely that a corkrelation based on the probe tip
area hd could be valid for all tip shapes. Thus, the complete corre-
lation factor might be a functlion of both hd/x2 and a nondimensional
shape factor.

A comparilson with results of references 3 and 12 shows that such

an additional factor is required in the correlation equation (6). The
three points from reference 3, plotted in figure 21, were obtained at
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three different values of x wlth one value of h. The point from
reference 12 (also shown in fig. 21) represents the arithmetic mean
of several points obtained at constant h and 'x, but at different
values of ul/vl. Tt is iInteresting to note that the frictlon-drag

discrepancy factor for the results of reference 12 was again indepen-
dent of up/vq for Rey < 106, The results of both references are con-

giderably higher than the friction-drag discrepancy factor found in
the present study. It appears quite possible that a probe tlp shape
factor could bring about agreement for all data, but no such factor
cen be predicted without & systematic varlation of probe tip width.

On the other hand, the fact that the leading-edge radius of the
plate used in reference 3 was considerably larger than that of the
present tests may also account for the difference 1n results.

Of further inbterest 1s the fact that 1f the exponent in equa-
tion (6) were 2/3 instead of 0.64, an equatlon of the followlng form
would result:

)2/3 -

2(6 = 6p) =K (i%:

X

where K 1is again dimensional. The factor h/q/E appears to be
meaningful because &ll boundary layer variables increase proportlonally
to -/X. These same variables are also a function of uj/vy, however,

so that the significance of equation (7) is not clear at present.

A theoretical explanation of the probe effect is beyond the scope
of the present report. It 1s reasonable to belleve that both a dlstor-
tion of the boundary layer caused by the presence of the probe and the
fact that the probe is in a shear flow rather than a uniform flow
contribute to the discrepancy. Nelther a displacement of the effective
center of the probe of the magnitude predicted in reference 13 nor an
area weighting of the pressure field ahead of the probe can account
for the high measured values of 6. The effect of viscoslty on probe
reading (ref. 14) appears to be important only near the plate surface,
where the measured points were replaced by a faired ‘curve to the origin,
go that the momentum thlckneas remains unaffected.

The fact that the ﬁomentum.discrepanéy factor is independent of
ul/vl is in itself difficult to explain. At any given station the

boundary layer thickness changes as ul/vl ‘is varied. At the same

time, however,. the total-pressure gradient in the boundary layer also
changes. It is not known how these and other factors combine to yleld
a constant value of 2(6 - GT)/X.

9SLe
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An exemination of of and Oy profiles for various probe tip

heilghts at constant Reynolds number also fails to yleld a satisfactory
explanation of the probe effect. Typlcal profiles are shown in )
figures 22 and 23. The af profiles for probes 1 and 4 are very
slmilar in shape, while the profile for probe S5 exhiblts a shift to the
right. The peak near the edge of the boundary layer which ls present
in two of the proflles becomes more apparent &s the probe tlp height

is increased. This peak is also present in the 6y profiles (fig. 23),

but in general it occurs within the boundary layer. All correlations
presented herein are based on values of ey obtained at the value of

y where OJu/dy first vanishes.

An examination of the factors to which might be attributed the
discrepancy between measured and theoretical friction-drag.coefficients
has therefore shown that only one of these factors, namely, the probe
effect, leads to a positive result. The fact that profiles measured
under ldentical conditions but with probes of different tip helghts
yleld distinctly different values of 6 1s evidence enough to establish
this effect. A correlation as given by equation (6) further indicates
that the entire friction-drag dlscrepancy may be attributed to the
probe effect, and that if & hypothetical probe of vanishing tip
height were employed, theoretical valuss of 6 would be measured.

Further substantlation of the conclusion that the friction-drag
discrepancy may be attributed to the probe effect is obtained fram
reference 5, where the results of direct measurements of local skin-
friction coefficients using the floating-element technique are reported.
These measurements were made at a Mach number of 2.55 on a flat plate

~with a leading-edge radius of less than 0.0005 inch. ZIocal skin-

friction coefficlents, when plotted against a Reynolds number based on
the distance x from the leading edge, agree exactly with the theory
of Chapman and Rubesin for M; = 2.55. Average friction-drag coeffi-

clents obtalned by integrating these local values would therefore also
agree with theory. Thus, a friction-drag discrepancy factor of zero is
obtalined when no probe 1is present In the boundary layer.

CONCLUDING REMARKS
Pressure-probe measurements were made in the laminar bouldary layer

developing on a flat plate at free-stream Mach numbers of 2 and 3. High
average measured flat-plate friction-drag coefficients, which had

previously been observed, were again found in the present study.

Posslbllities for error such as the effect of the total-pressure
probe on boundary layer measurements, heat transfer through the leadlng-
edge region, a change in leading-edge radius and the strength of the
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leading-edge wave, and the possiblility of early transitlion to turbulent
flow or "bursts of turbulence"” were investigated for plates with very
sharp leading edges. Of these factors, only the probe effect led to
positive results. :

Total-pressure probes of different tip heights placed in & laminar
boundary laysr developing under ldentical conditions were found to
measure different values of average frictlion-drag coefficients. An
emplirical correlation of these measurements Indicates that a probe of
vanishing helght would measure the theoretically predlcted values of
average flat plate friction-drag coefficients.

Iewis Flight Propulslon Laboratory
Natlonal Advisory Cammlttee for Asronautilcs
Cleveland, Ohio, November 14, 1952
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

average friction-drag coefficient, T—-}—E 7 A%
7 PAm 0

local friction-drag coefficlent (eq. (3))

pltot pressure

outslide height of probe tip
constants of proportionglity
Mach number

total pressure

static pressure -

unperturbed pressure used In error calculations

gaes constant

local stream Reynolds number based on distance =x

radius of curvature of leading edge

total temperature

amblent température

veloclty in x-direction

chordwise distance measured from leadiﬁg edge parallel to stream
distance measursed perpendlcular to plate surface

dimensionless veloclty parameter

dimensionless mass-flow parameter
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% boundary layer displacement thickness -

N4 temperature recovery factor ‘ ’

e boundary layer momentum thickness

x parametef defined by eq. (B8)

v kinematic viscoslty g
o

o] mass density

T shear stress

Subscripts:

1 free-stream conditions

M measured quantity

8 upstream stagnation conditions - )

T laminar boundary layer theory )

w conditions at plate surface

S —

conditions evaluated at distance y from plate surface
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APPENDIX B

!

REDUCTION OF DATA

By Jack M. Ilande

The experimental data were evaluated by IBM machines utilizing a
system of data reduction capable of handling many c¢lasses of gas flow
problems. The applicatlon of this system to the reduction of boundary
layer date 1s discussed herein. Although only the case of the laminar
boundary layer with constant statlc pressure and constant total temper-
ature was considered in the main part of the report,.the method of cal-
culation presented in this appendix applies to both laminar and turbulent
boundary layers with varying static pressure and total temperature.

" In general, the followiné quantities are measured in boundary layer
studies:

H(y) pitot pressure
o(y) static pressure

Ty(y) measured temperature

Velocity and temperature profiles, in addition to momentum and displace-
ment thickness, are desired as a result of calculatlons. The calcula-
tions can be greatly simplified with the ald of the following nondimen-
sional guantities (ref. 8):

@ = — | (B1)

B
B = pungT ' (B2)

2

af 9—;—. | (83)

Fach of these quantitlies ls uniquely related to the ratio p/H.

The momentum and displacement thicknesses for Op/dy = O and

ar/dy # 0 Dbecame
Vs,

P1 ~T 0‘1131

o dy (B4)
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T
B% =f(1 - ’BBI E)dy (85)

The momentum thickness 6 1s no longer significant in the calcu-
lation of skin friction for Jp/dy # 0; in this case the integral

ﬁaﬁ + 1)p dy 1is required.

The first step In the calculation of the aforementioned quantities
1s the temperature and manometer Fluld correction of measured pressures
and the determination of p/H.

Calculation of o. - The veloclty parameter o 1s related +to p/H
by the isentropic flow equation

2

#-1fi- @] o’

for Mach numbers less than 1, and by the Rayleigh equation

5 2
(%)2 _ (3602 - 7)° (7 - of) (87)

for Mach numbers greater than 1. (The ratio of specific heats 7 was
taken as 1.4 1n egs. (BS8) and (B7).)

The difficulties isherent In calculating o from these expressions
ars overcome by the definition and calculation of an Intermediate
quantity * which is defined by

a = +/2(1 - p/H) [l +%x(1 - p/H)] (B8)

A table deck of % and the slope of % at a glven point as a
function of p/H can be prepared with the aid of equations (B6) to (BS).

For a given boundary layer profile, x can then be obtalned for each
value of p/H by linear interpolation in the table deck. Finally, a
is obtalined by substitution of correspanding values of % and p/H into
equation (B8). ,

Calculation of PB. - The quantlities o and B can be i'ela'bed through
the equation of state :

P = PRE (B9)

9G8L2
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and the one-dimensional energy equation, which can be expressed as

-1 ‘
=1 - 25;__ o2 (B1.0)

Bl

For a constant value of specific heat and 7 = 1.4, equations (Bl),
(B9), and (B10) yleld the following expression for B:

(B11)

This expression was used to calculate B from previously determined
values of «a.

Calculation of aB. - The product of equations (Bl) and (Bll) gives
for of

ap = 5 » (B12)

Calculation of ﬁ/1ff. - The measured temperature Ty 1s related
to the local statlic temperature by

T_M_ rz-=1 2
el 1+ 5 Ny M (B13)
vhere 174 1s the temperature probe recovery factor. The following

expression is obtained from equations (B13) and (B10) and the definitions
of af:

B (1““7_"’0 “B)““e

W Ty

Calculatlon of integrals. ~ The integrations of the quantities

B/wﬁf, af, and ofp at a distance from the wall are carried out using
Stirling's parabollc rule for both the laminar and turbulent cases.
Near the wall, however, where data points are unreliable, two different
procedures arse requlired for the laminar and turbulent cases.

(B14)

Because the veloclty profile near the wall for a laminar boundary
layer 1s nearly linear, and because the density under conditions of zero
heat transfer 1s nearly comstant, the following expressions are used:
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B =ay
(B15)
ap = by?

These results, together with the assumption of constent p and T, are
therefore used to evaluate the integrals for the first points in a laminar

boundary layer.

For turbulent boundary layers the form of B and of near the wall
is determined empirically. The followlng expressions, based on available
turbulent boundary layer data, are suggested for B:

B alyl/z + a5y + a5y3/2 + a4y2
or . (B16)

yl/N(aly + azyz + a3y3 + a434)

The quantity aBf 1s usually well represented by

B

aB = Dy¥ + bpy? + bgy® + byyt (B17)

Equations (B16) and (B17) together with the assumptions of constant
static pressure and constant total temperature are used to evaluate the
Integrals for the points near the wall in the turbulent case.

Combinations of these integrals yleld the momentum thickness 6
and the displacement thickness &%,

Significant digits. - All calculations are carried out to five or
more digits, which is sufficient in relation to the instrumentation used
in obtaining the experimental data.

Calculation time. - The actual machine time required to obtain
results for a glven boundary layer profile is minor. It has been found,
however, that data obtained during a given morning's wind tunnel run
(about 4 profiles of about 35 points each) can be reduced by one
operator during the afternoon of the same day. In that manner results
of a get of tests are known before the next set of tests is begun. Many
more profiles could be handled at the seme time, but for the present
tests the feature of Immediate data analysis outweighed the economy of
accumlating a great amount of data before reduction was begun.

9SL2
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Figure 2. - Total-pressure probe.
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Figure 14. - Pressure distribution on plate in tunnel 1.
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Veloclty parameter, a = u/A/RT
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Figure 16. - Velocity parameter profiles with sharp and dull leading edges. Distance

from leading edge, 3.38 inches; free-stream Mach number, 3.
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Friction-drag discrepency, 2(8 - Hp)/x
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Friction-drag discrepancy, 2(6 - ap)/x
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Momentum parameter, af = p’uz/P
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Figure 22. - Momentum paremetar profiles for thres diffsrsnt probes.
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